Abstract. The scattering field gradient maps of surface layer magnetic domains in Y 2.95 La 0.05 Fe 5 O 12 iron-yttrium garnet modified by high-dose ion implantation with nitrogen ions N + were obtained by the method of magnetic force microscopy. It was found that improving the magnetic properties of thin films, which includes reducing the observed magnetic losses after high-dose implantation, is accompanied by essential ordering of magnetic domains on the surface of the implanted films. There is a direct dependence of the magnetic properties on the dose of implanted atoms, accompanied by a significant dispersion and amorphization of surface layer and formation of a clear magnetic structure.
Introduction
Epitaxial yttrium-iron garnet (YIG) films have a unique set of structural and magnetic properties, which enables their widespread use as active medium of electronic devices. The study of these structures lasts several decades, they find their application as microwave technology devices, planar waveguide structures and lasers, magneto-optical devices and visual magnetometer sensors, etc. [1] [2] [3] . Performances of these structures are determined by properties of the surface layer of functional films with the thickness less than one micrometer, which allows its modification by postgrowth processing. In particular, the use of high-dose implantation method opens the possibility to create local areas with predetermined specific physical properties in ferrite-garnet films (FGF), which is of practical interest for magnetomicroelectronics and integrated magnetooptics because these conditions are difficult or even impossible to obtain in other magnetic structures.
Despite many performed versatile investigations of YIG structures, there is still a lot of non-ascertained questions in the process of creation of ionic defects in the films, the influence of the implantation mode on parameters of magnetic and crystalline microstructures, the course of radiation damage recovery process. Investigation of the distribution nature of magnetic domains and micromagnetic parameters along the film thickness as well as magnetic microstructure transformation and changes in the size and concentration of structural defects under the influence of high-dose implantation will help to develop mechanisms providing targetted modification of their properties. Two series of epitaxial films with thicknesses 21.9 μm (sample №1) and 76.4 μm (sample №2) were selected for researches. Magnetic properties of the films were significantly changed after high-dose implantation with nitrogen ions, which should be investigated. Energy of ion implantation was E = 50 keV, the doses for films with the thickness 21.9 μm were D 1 = 0.510 18 
Objects of researches

Results and discussion
FMR data
The parameters of epitaxial garnet films, namely: saturation magnetization (4πM s ), ferromagnetic resonance (FMR) line width 2ΔH, anisotropy field, depend on the distribution of cations inside the sublattices, the presence of oxygen vacancies, divalent iron ions, and mechanical stress [5, 6] . The set of grown films demonstrate some changes in physical properties from film to film due to depletion of solvent even with fully repeated technological conditions of LPE growth such as the growth temperature, degree of supercooling of the melt solvent, substrate revolution speed, and so on [7] . Heat treatment in different environments and chemical etching of surface of epitaxial structures are used to optimize magnetic and other physical properties of ferrite-garnet layers.
The FMR line width determines electromagnetic losses in microwave devices. Decrease in the parameter 2ΔH leads to decrease of electromagnetic losses [5, 6, 8] . Quality of ferrite-garnet films is deteriorated by defects in the crystal structure, presence of impurity ions and oxygen vacancies, heterogeneity in the thickness and chemical composition of a studied area. All these factors lead to expansion of the FMR line and growth of electromagnetic losses.
The width of ferromagnetic resonance line was measured at FMR spectrometer AAZHS.468213.002 (SRC "Carat", Lviv) using the method of local excitation of resonance absorption ("magnetic hole" method) at a frequency of 3.1 GHz. The method consists in the fact that the conditions of ferromagnetic resonance are created using hole-like profile of constant magnetic field formed by a hole in one of the poles of electromagnet with epitaxial film in that hole. An important advantage of this method is the ability to locally measure the FMR line width in full-size EFGF structures (up to 3 inches (76.2 mm) in diameter) without their destruction, thus allowing us to provide rapid control of electromagnetic losses of epitaxial films for their applications in microwave devices in terms of their production. Parameters of the FMR line width are summarized in Table. After high-dose implantation, there observed significant narrowing the FMR line width: for the first film by more than twice, for the second -by 18%. This narrowing after implantation with nitrogen is very important when using films as elements of microwave devices [9] .
Atomic force microscopy
The surface of the films was investigated using atomic force microscopy (AFM). The tapping mode of AFM measurements, which provides high sensitivity and allows to use high-resolution probes with a small radius of tip (about 5…10 nm), was used. Typical images of surfaces for the films of the sets №1 and №2 are shown in Fig. 1 . Thin films (set №1) in the initial condition are characterized by the roughness 0.5 nm (over 5050 μm 2 area). Slight surface roughnesses of these films are distributed with a characteristic spatial period of 6.3 μm according to the data of Fourier analysis (see the inset in Fig. 1a ) [10] . The surfaces of thick films (set №2) are more developed (Fig. 1b) . Continuous lace of ledges and hollows has a characteristic spatial period about 12 μm and at the same time shows a tendency to create longrange order without presence of specific directions on the surface. Two-dimensional Fourier spectra contain characteristic amplitude oscillations. The roughness of the films is about 10 nm (over 7070 μm 2 area). There is a slight smoothing of the film surface relief due to the fact that atoms on the ledges have the lowest binding energy and are effectively sputtered, that is numerically confirmed by changes in relief amplitude parameters.
Structural changes under the influence of ion implantation
Processes of interaction of nitrogen ions with the atoms in Y 2.95 La 0.05 Fe 5 O 12 crystal lattice during high-dose ion implantation were investigated using the theory of elastic collisions with the software SRIM -2008 [11] . It was assumed that creation of defects happened only as a result of transfer of the N + ion energy to the target subsystem at elastic collisions. Subthreshold effectsstructural disorder at the inelastic processes of excitation and electron shells ionization were not taken into account. For YIG single crystal, the threshold displacement energy E d according to [12] is: for oxygen ions ≈30 eV, for ions Fe 3+ -56 eV and for Y 3+ -66 eV. The electron energy loss is 67.2% (28.5 eV/Å ) and nuclear energy loss is 32.8% (13.9 eV/Å ) at the implantation energy E = 50 keV. In many cases, the energy transferred by ion into the nuclear matrix subsystem along the length of the track reaches values that are necessary to develop secondary displacement cascade.
Appearance of a large number of radiation defects is caused by nitrogen ions embodied in the lattice garnet films, and oxygen is distracted from the surface of the films in 60% of all cases, iron -in 28%, yttrium -in 13%, and lanthanum -in <1%.
Magnetic force microscopy
Magnetic force microscopy (MFM) of the samples was carried out to study the effect of implantation on the magnetic properties, in particular, distribution of magnetic domains in films. MFM-microscopy images were obtained for samples of different thickness and with various irradiation ion doses (Figs 2 and 4) . The experiment was made using a scanning probe microscope NanoScope IIIa Dimension 3000. The resonance method of MFM-imaging is based on that the stiffness coefficient c 0 of an elastic oscillation system (console) is changed by the interaction of magnetic probe with a scattering fields created by domain structure (DS), and is equal to [13] .
Here, z is the coordinate measured from the scanned surface, and F z -z-component of the interaction force (usually it's dominant), which is [14] 
where M i are the magnetization components of the probe, H i -magnetic scattering field components of DS, and integration is made over the probed magnetic layer V.
The accuracy in quantitative calculations of the interaction force F z depends on geometry of the probe and type of magnetic coating. To do it in a precise manner is very difficult even for the static scan mode. However, to visualize distribution of magnetization in DS, it is enough to take into account the fact that attraction It should be noted that DS of ferrite-garnet films is very sensitive even to weak magnetic fields, so MFM probes were selected to provide practical absence of mutual influence with surface for these studies. The twopass MFM technique (lift mode) was used to eliminate the influence of relief. In the first pass, the probe recorded the profile of relief, and then returned to the starting point of line scan, was raised to a given height (in our measurements 100 nm) and fulfilled the second pass, repeating the registered surface profile and keeping constant tip-sample distance. So, the magnetic field gradient was measured during the second pass, detecting shifts of MFM tip oscillations due to magnetic interaction.
Some data on the magnetic structure of ferritegarnet films will help us to explain the obtained images. Epitaxial ferrite-garnet films with orientation (111), depending on the value of uniaxial anisotropy constant K u and the saturation magnetization М s , have two types of magnetic anisotropy: -K u /2πМ s 2 >> 1 -uniaxial anisotropy is higher than own garnet cubic anisotropy, and easy magnetization axis is directed along the normal to the film surface (111). These specifications have films with cylindrical magnetic domains (such as (YSmLuCa) 3 In general, YIG and La:YIG films can be characterized by a mixed uniaxial and cubic magnetic anisotropy. Lanthanum doping this YIG is used to reduce the difference in lattice parameters of film and substrate and has practically no effect on magnetic properties of films. The domain structure in films with the thickness up to 36 μm has the form of stripes that are due to the normal to film surface component of the magnetization, which creates magneto-optical contrast [15] . These stripes are oriented mainly in three directions [15] [16] [17] . If the thickness is larger than 36 μm, the domain structure becomes more complicated as a result of domain branching when entering free surface of the sample [15] . Fig. 2 shows the MFM-images for La:YIG films with the thickness 21.9 μm, where one can see the series of complex distinct parallel stripes with the same width of about 9 μm. The domain structure, presented in figure, is typical when branched domains enter free sample surface, which is observed in the case of thick films (formal reduction of the critical film thickness is also caused by the existence of significant heterogeneity of magnetic properties along the film thickness). Herewith, it should be noted that the MFM-image is formed by scattering fields and shows mainly the distribution of magnetization in the subsurface layer. In our case, the subsurface layer of films with the thickness 21.9 μm, according to the results of structural analysis [18, 19] , has a mosaic structure, moreover mosaic blocks are disoriented by the angle 111'', the deformation of blocks is proportional to the square of the deviation angle of block surface, and the block reversals occur themselves in certain well-defined line along the sample surface. This mosaic layer leads to branching the main domains and formation of the subsurface ones [20] , and possibly to the organization of a continuous layer of subsurface domains [21] . Domain structure ordering along certain direction is caused by violation of the equivalence of domain boundaries in various directions within the film plane due to the presence of anisotropy in the mosaic block reversals [18] .
High-dose implantation with nitrogen ions leads to symmetrisation of ordered series of domains. Partially related series of subsurface domains on light and dark background with the dose of implantation close to
510
18 cm -2 become clearly separated. The data of spatial frequencies analysis (Fig. 3) clearly indicate anisotropy and periodicity of magnetic domains spatial ordering with a characteristic frequency in mutually perpendicular directions 9.9 and 3.6 μm. Note that these periods do not correlate with periods of the surface relief. This is obviously related to amorphization and atomization of the surface layer, which can have a thickness up to 0.5 μm [22] in YIG.
Herewith, this mosaic layer is much thicker, and the largest part of it remains on the film surface even after implantation, as evidenced by maintaining a complex domain structure, which is a result of heterogeneity in the film thickness of magnetic properties, and by the shape of reciprocal space maps [18, 19] . Obviously, the presence of mosaic structure and surface layer, which is significantly dispersed and amorphized by means of high-dose ion implantation, leads to narrowing the FMR line more than twice.
MFM-images of films with the thickness 76.4 μm in Fig. 4 are radically different from previous ones. Nonimplanted and implanted samples (Fig. 4) have domain magnetic stripes with an irregular thickness and show characteristic anisotropic frequency about 12…14 μm (see Figs 4c and 4d) . This frequency coincides well with the characteristic spatial periods of thick films surface relief. However, a significant difference is the anisotropy of relief periods. Magnetic stripes of these samples are the special case of magnetic stripe domains that appeared as closed at the film surface and obviously can be referred to the stripe structures. The stripe structure is formed when perpendicular to the surface component of magnetization appears in the locked domains, and this component oscillates relatively to the film plane. The cause of the stripe structure appearance is a column microstructure formed during the growth of films and determines transverse to the surface anisotropy component, which is anisotropy of its shape. In homogeneous YIG films, the value of the critical thickness for appearance of stripe structures during isothermal epitaxial growth is not achieved, except of existence of significant heterogeneity of magnetic properties along the film thickness, which reduces the value of the critical film thickness and contributes to the emergence of subsurface domains [23, 24] .
The film №2 with the thickness 76.4 μm is almost uniform in the thickness and is clearly identified by X-ray structural data (rocking curves, reciprocal space maps) for the surface layer [18, 19] that was formed during film growth above fusion of solvent and is highly defective. The result of this crystal structure heterogeneity is the presence of magnetic properties that are heterogeneous along the film thickness. This leads to conditions that provide possibility for creation of stripe structures. Strong lateral heterogeneity of subsurface layer leads to violation of stripe periodicity. The film surface after implantation has a tendency of smoothing the nanorelief roughnesses according to AFM. The presence of defects in the crystal structure leads to appearance of irregularities and creation of magnetic domain structure, displayed in MFM-images as non-periodic ellipses and turbulences. Some surface defects disappeared, and domain structure, although it was still non-periodic, became more ordered after ionic implantation. The direction of stripes is obviously related to the presence of mechanical stresses in the film caused by cutting the sample in parts, and their width is different because of incomplete removing the subsurface transition layer by implantation.
Conclusions
It has been established that decrease in the FMR line width of La:YIG films, which is observed after highdose ion implantation, is accompanied by significant ordering of the structure of magnetic domains near the implanted films surface. These changes are caused by amorphization and atomization of surface layer, reduction of oxygen concentration, and thereafter increase of the part of magnetic ions Fe 2+ .
The highest dose of nitrogen ions is the best to use for making epitaxial YIG films as elements of highfrequency electronics, because these doses cause the highest narrowing the FMR line in the studied films.
